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Marine biofouling is a long-standing and costly problem for the 
maritime industry. Although solutions exist in the form of fouling-
resistant marine coatings, most of these are biocidal in nature and 
a broadly effective and environmentally benign solution has yet 
to capture a significant market share. Barnacles, green algae, dia-
toms, and mussels are particularly notorious for their attachment 
to and/or damage of man-made structures, although they are by 
no means the only culprits. The growth of fouling assemblages 
on ship hulls causes increased drag, reducing maneuverability, 
increasing fuel consumption and greenhouse gas emissions and 
thus has both economic and environmental costs [1]. Barnacles 
are a particular problem due to their size and gregarious nature 
[2].
Copper sheathing was used by Greek and Roman mariners 
to prevent fouling and, later, became commonplace in ocean-
going fleets around the world. However, the biocidal mechanism 
through which copper prevented settlement of larvae was unclear 
until Sir Humphry Davy’s study of the cathodic protection of ship 
hulls in the 19th century [1]. Until the mid-1980s, self-polishing 
copolymers (SPCs) containing copper, tin and other metallic 
compounds were widely accepted as a ‘golden bullet’ for combat-
ing fouling being effective, long-term and of reasonable cost. Del-
eterious effects due to accumulation of these compounds in the 
marine environment have, however, led to resent legislation [3] 
prompting increased research into sustainable alternatives. 
The design of novel coatings has consequently broadened to 
encompass natural products research [4], surface chemistry mod-
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ulation [5] and biomimetic surface development [6]. It is likely, as 
others have noted, that any future broad-spectrum, fouling-resist-
ant surface will draw on several, if not all, of these diverse areas 
of research to facilitate its action. 
Currently, the main competitors to biocidal antifouling coat-
ings are the so-called “fouling release” coatings (See, for example, 
ref. [7, 8]). The last twenty years have seen the development of 
fouling release technology from its embryonic stage as a novel 
concept [9], to an implementable solution for a range of marine 
applications. The coatings themselves are largely based around 
low-modulus, lubricious silicone polymers (e.g. polydimethylsi-
loxane [PDMS] [10]) that facilitate the easy release of accumulated 
fouling under hydrodynamic shear. However, fouling release 
coatings (FRCs), are not widely used. The relatively high cost and 
low durability of FRCs frequently result in the selection of cheap-
er, biocidal, alternatives by boat owners. As a resultant, FRCs cur-
rently occupy only a small corner of the marine coatings market 
(~5%). The mode of action of FRCs also restricts their applica-
bility to relatively fast-moving vessels that are frequently in use. 
Thus, a universally applicable solution for vessels that are either 
slow moving, or spend much of their time stationary, and that 
is effective against a broad range of fouling organisms is being 
sought. 
The other side of the equation, and equally as important, is the 
direct study of adhesion mechanisms used by fouling organisms 
for exploring potential host surfaces and subsequently attach-
ing. Several effective fouling resistant coatings have, so far, been 
brought to market in apparent isolation, with little understanding 
of individual organisms’ adhesion mechanisms. Despite this, it is 
self-evident that a little knowledge regarding the composition and 
mode of action of some of these bioadhesives would aid coatings 
developers considerably.
Over the last decade, nanoscale testing and characterization 
techniques have slowly proliferated from the field of materials 
science [11], where they were once viewed by many in other disci-
plines as arcane and unapproachable, and are now easily accessi-
ble to those in the broader scientific arena. In the present context, 
atomic force microscopy (AFM) based force spectroscopy has 
allowed the ‘scaling down’ of traditional mechanical materials 
testing [12] by several orders of magnitude. Where fibers of mate-
rial were once required to be on at least the cm scale for testing, 
nanofibres, or single proteins, can now be manipulated mechani-
cally, allowing detailed investigation of nanoscopic samples [13]. 
Nanoindentation and probe-based techniques such as AFM 
have been successfully applied to the study of biological sam-
ples and are now sensitive enough as to allow measurement of 
localized nanomechanical properties in, for example, plant cell-
walls [14]. The nanoelectromechanical systems (NEMS) device is 
another good example, able to accurately measure the weight of 
a bacterium, a virus and even a single DNA strand [15]. Since 
the AFM instrument was first reported two decades ago [16], it 
has demonstrated its flexibility as an analytical tool and is now 
highly pervasive, being used in fields as diverse as material sci-
ence and biology [17, 18], including even chemically sensitive 
imaging of polymer surfaces, via mapping of local variations in 
adhesion forces on the nanoscale [19]. AFM has truly opened the 
door to the “nanoworld” [20], with geologists using the technique 
to investigate bacteria-mineral interactions [21, 22] and botanists 
studying the nanostructure and adhesive properties of diatoms 
[23]. Probe-based techniques confer significant advantages to the 
experimenter, such as the ability to control surface modification 
by selective deposition of organic molecules, or even perform-
ance of ‘nano-surgery’ to gain insights into the internal structure 
of collagen fibers [24–26]. 
For the purposes of the present research area, however, one of 
the main advantages of AFM is its ability to measure nano-scale 
properties of natural bioadhesive materials and adhesive inter-
faces in native conditions; i.e. hydrated in a saline solution. The 
information that this mode of study provides, regarding the struc-
ture and function of adhesive proteins in situ will, undoubtedly, 
encourage more informed surface design leading to novel meth-
ods of interfering with the bioadhesive/substratum interface. 
Figure 1: (A) A light micrograph of a cypris larva, (B) a cyprid anten-
nule, (C) a settled cyprid, attached underwater by secretion of perma-
nent cement, (D) and metamorphose juvenile barnacle, still attached 
by the permanent cement. Images C and D were captured using fluo-
rescence microscopy after staining the organisms using an amine dye.
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The Barnacle Life Cycle
A generalized barnacle life history involves six planktotrophic (i.e. 
feeding) nauplius stages, a non-feeding cypris (Fig. 1A) stage and 
the adult. The cyprid is the settlement stage, whose sole purpose 
is to locate and attach to a suitable surface for adult growth. His-
torically, adult barnacles have been the primary focus of (barnacle 
related) antifouling research [27, 28], probably due to their obvi-
ously troublesome presence on ship hulls and the fact that they 
are large and easy to manipulate in experiments [29]. Combat-
ing a problem such as biofouling only once it has become estab-
lished, however, seems counter-intuitive, with a more preferable 
strategy being prevention of larval settlement, or promotion of 
detachment of larval forms at an early stage. Although the adhe-
sion mechanisms of cyprids have been largely ignored of late 
(probably due to the technical difficulty of carrying out adhesion 
studies using micro-zooplankton), there is currently a resurgence 
of interest in the research community with regard to cyprids, 
although only one recent publication by Phang et al [30].
Cyprids are highly discriminating in their choice of settle-
ment site [31] which they explore prior to settlement using paired 
antennules, terminated with specialized adhesive organs for bi-
pedal walking (Fig. 1B). The antennular attachment discs effect 
reversible adhesion underwater through a putative combination 
of ‘wet’ (using a glycoproteinaceous, viscose secretion) and ‘dry’ 
adhesion – similar to the adhesion mechanism of a house fly [32]. 
The antennules also present an array of sensory processes, spe-
cialized for surface discrimination. Once a suitable settlement 
site is found, another distinct adhesive (the permanent cyprid 
cement) is delivered through the antennular cement ducts [33] 
and deposited in a globular disc (Fig. 1C), firmly attaching the 
cyprid throughout metamorphosis into a juvenile barnacle; at 
which point the adult adhesive systems take over. (Fig. 1D)
The AFM Principle
AFM utilizes a sharp probe for imaging (with a tip radius typi-
cally on the order of 10–50 nm), whose position is controlled by 
electronic feedback, to measure surface morphology. The tip is 
attached to the edge of a microcantilever beam, which serves as 
a force-sensing spring. The position and deflection of the canti-
lever-tip assembly is monitored by an optical position sensing 
unit, onto which a low-noise laser is shone, and reflected from 
the back of the gold coated silicone nitride cantilever. The relative 
position between tip and sample surface is controlled via a piezo-
electric positioning system whereby, most often, the sample is 
moved and scanned with respect to a stationary tip (there are also 
instruments available which utilize scanned tips and stationary 
sample.). The tip deflection (i.e. force between tip and sample, vs. 
tip-sample distance and tip position) is measured by the reflec-
tion of the laser beam onto a quadruple photodiode detector (Fig. 
2A). Here, movement of the laser signal is detected as voltage 
potential and subsequently calibrated into distance/force units 
for analysis. Topological images of surfaces are obtained from 
the variation of force vs. tip position (x,y,z) with respect to the 
sample surface. Unlike electron microscopy, for example, AFM 
provides three-dimensional information of the surface topology 
as well as allowing determination of material properties from 
affinity of the tip to the substrate. Such force measurements can 
be performed as the tip approaches, contacts and retracts from 
the surface. Within a short time in contact with the tip, polymer 
chains or molecules such as proteins may adsorb to the tip sur-
face and their mechanical properties can be measured in ten-
sion as the tip is retracted. Adsorbed molecules are stretched 
and elongated under this retraction force. The photodiode signal 
(Fig. 2B, recorded raw signal) is converted to cantilever deflection 
by correction for sensitivity (in volts per meter) as determined 
from the slope of the indentation part of the curve. Force is then 
determined by multiplying cantilever deflection by the spring 
constant of the tip. Scanner displacement is converted to separa-
tion between the tip and sample by selecting contact points in 
the approach force curve and retraction force curves [34]. Figure 
2C shows a typical force-extension curve containing information 
related to force experienced during pull-off and molecular pull-
off length. 
Nanomechanical Response of Cyprid 
Permanent Cement
AFM has been used to investigate the nanomechanical proper-
ties of low motility organisms such as bacteria [35], algae [36] and 
diatoms [13, 23], however barnacle adhesives are dynamic and, 
in the case of the antennular secretion, difficult to locate on sur-
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Figure 2: Schematic (A) shows the principle of atomic force microscopy, 
(B) a typical raw signal obtained from a force-spectroscopy experiment 
and (C) a typical force-separation curve – calculated from the raw 
data. 
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faces. Initially, due to its relative accessibility when compared to 
deposits of the antennular secretion, cyprid permanent cement 
was investigated. Once, permanent settlement behavior was 
observed in an individual, the cyprid’s antennules were incised 
using fine tungsten needles and the cement was transferred 
to the AFM. Force measurement was then carried out over the 
course of cement curing [30]. The data extracted from a series of 
force extension curves were plotted onto graphs to demonstrate 
trends in pull-off force and length independently over a time 
series. Figures 3A and 3B summarize the information obtained 
from AFM force curves during the curing period of this material. 
The pull-off force varied from a few hundred pN (10–12 N) to a 
few nN (10–9 N) during the experiment, suggesting that native 
cement was very sticky and adhered strongly to the cantilever. 
Moreover, it was speculated that the large variability in observed 
force could result from heterogeneous mixing of a multi-com-
ponent cement. Although clear bi-modality was not obvious, 
there is evidence to suggest that the cyprid permanent cement 
could be a dual-component material curing, when mixed, into a 
solid adhesive [37]. A significant reduction in maximum pull-off 
length with time provided evidence in support of the hypothesis 
that molecular chain crosslinking was occurring at the surface of 
the permanent cement. By extrapolating the pull-off length distri-
bution to zero, total curing time for cyprid cement was estimat-
ed to be ~120 mins. However, it was noted that this estimation 
would only be valid for the outer layer of cement. It is unclear 
what effects such factors as salinity and the availability of oxygen 
may have on cement curing [37]. 
AFM proved to be a useful tool for accessing information 
about the nano-mechanical properties of a bulk natural adhesive. 
Figure 3C demonstrates a significant linear increase in pull-off 
force with pull-off length suggesting that the observed ‘curing’ 
of the adhesive is directly related to changes in protein confor-
mation. Unfortunately, the structure and properties of these 
adhesive proteins are, as yet, unknown. However, Figure 4 is a 
representative force curve of those proteins, detected in cyprid 
permanent cement, that are believed to show modular protein 
unfolding under tension. Unfolding behavior is highlighted in a 
red box and shows a regular saw-tooth characteristic, strikingly 
similar to that detected from glycoproteinaceous diatom adhesive 
[13]. Although firm conclusions are difficult to draw from pre-
liminary data of this type, it is suggested that this kind of ‘finger-
print’ probably represents the unfolding of a semi-cured protein’s 
tertiary structure under an applied force [23, 29].
In AFM-based ‘molecular stretching’ experiments, the exten-
sion of molecules by an external force is often displayed as a non-
linear curve, indicating that the elasticity mechanisms involved 
are primarily entropic. It has been shown that conformational 
entropy can be reduced by stretching polymer chains. As the 
total stretch distance approaches the chain’s contour length, 
force asymptotically increases. This relationship can be described 
by the Worm-Like Chain (WLC) [38] model where the force to 
stretch molecules is governed by F(x)=(kT/Lp)[0.25(1–x/Lc)
–2–
0.25+x/Lc] where k is the Boltzmann’s constant; T is the tempera-
ture; Lp is the persistent length of the molecule and Lc is the con-
tour length [39]. WLC predicts a low force to stretch ‘Hookean’ 
molecular springs and a non-linear, non-Gaussian force is pre-
dicted at moderate extensions. At high extensions, the chains 
have less entropy due to the fewer possible configurations they 
can adopt. At such extensions, enthalpic contributions dominate 
the molecular force-extension behavior. The difference between 
experimental force distance curves and the predicted WLC behav-
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Figure 3: Nanomechanical properties of cyprid cement. Force curves 
recorded from the cement disc continually over the course of its curing. 
(A) pull-off force at maximum pull-off length, (B) maximum pull-off 
length, and (C) the correlation between the maximum force and length 
[29].
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Figure 4: Example of a force curves demonstrating “saw-tooth” like 
modular protein unfolding characteristic (inset). The steps in the saw-
tooth patterns correspond to unfolding of tertiary granular structures 
held together by intermolecular forces [29].
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ior increases with increasing extension, as the molecular elonga-
tion approaches the contour length of the captured section of the 
chain. Unfolding trajectories of single proteins in real time have 
been monitored by Li et al. [40] using AFM based force spectros-
copy, with success. Here we use a similar approach.
Figure 5 shows two force-extension curves with a distinct saw-
tooth pattern, separated by regular spacing between the peaks. 
According to the sacrificial chain model proposed by Smith et al. 
[41], each peak represents the release of a conformational bond 
and the stretching out of some hidden chain length. The failure 
of a sacrificial bond, usually leading to the unfolding of a pro-
tein domain or loop, prevents damage to the backbone of adhe-
sive proteins, providing extreme toughness. This mechanism has 
been found to operate in many natural materials such as abalone 
shell, bone [41] and diatom adhesive [23] and is effective at dis-
sipating large amounts of energy. 
The red lines in Figure 5 are simulations, calculated accord-
ing to the WLC model. These predict that the behavior of protein 
molecules with different persistence length, 0.36 nm in figure 5A 
(the length of an amino acid unit is 0.36 nm [42]) and 0.09 nm 
in figure 5B. The latter is due to the stretching of more than one 
molecule at any one time since the AFM tip probe has a signifi-
cantly larger radius compared to the van der Waals diameter of 
a molecule. It is, therefore, unsurprising that several molecules 
are stretched simultaneously during testing; the cyprid perma-
nent cement has, after all, an abundance of proteins. In a paral-
lel coupled system, such as when many independent molecules 
attach to a probe surface, mechanical parameters (e.g. persist-
ence length LP) scale with the number of molecules attached [39]. 
This is analogous to the stretching of n-parallel springs at one 
time where, F is required to stretch the n 
th parallel spring. As 
the spring constant k becomes stiffer, deformation of each spring 
becomes smaller. This notion has been successfully applied to 
determining the number of oligomers present in a supramolecu-
lar assembly of diatom mucilage nanofibers [13] and is currently 
being applied to protein characterization of cyprid cement.
Outlook and Fields of Application 
Presently, our theme of study is focused on the interface 
between the barnacle cypris larva and its chosen settlement sur-
face. Besides the permanent cement used during settlement, 
the cyprid antennular secretion or “temporary adhesive” [43], 
used for surface exploration, will also be characterized by AFM. 
Although biologists have demonstrated by chemical staining that 
the temporary adhesive is deposited as ‘footprints’ on some sur-
faces during exploration [44] and that it acts a settlement cue for 
subsequently exploring cyprids, its mechanical properties have 
never been investigated. Any data regarding the nanomechanical 
properties of this secretion would provide a useful insight into 
how such natural adhesives function and, more importantly, how 
to prevent their function. Furthermore, the ability of AFM to map 
specific surface interactions will allow us to shed light on the 
specific composition of cyprid footprints. With this new-found 
understanding of cyprid temporary and permanent adhesion, 
facilitated by AFM, it is hoped that novel non-toxic, fouling resist-
ant marine coatings can be developed.
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